Two types of network formation affected by physical factors are discussed:
During recent years much attention has been given to the possibility of the occurrence of some kind of local ordering in polymerizing systems. This ordering is considered tobe a result of intermolecular interaction 1 6 . Mariy experimental structural and kinetic data can be explained if we take into account the existence of such regions 7 . These data allow us to think that for the most part the reactions of polymer molecule formation, especially in melt, are not those of isolated molecules. Many reactions, even in solution. are reactions between molecules which are found at an interface with some kind of supermolecular structures. composed perhaps of molecular aggregates8.
According to theory 9 -12 and some experimental data, the reactions of three-dimensional polymerization or polycondensation are microheterogeneous13-15. It seemed 16 that at adefinitestage of reaction in the reaction system there arise some particles of the colloid size (microgel). The chemical interaction between these three-dimensional particles leads to gel formation. Experimental data are in accordance with this mechanism 1 7 • There are several possible reasons for the arising of microheterogeneity in the oligomer and polymer systems. First, the strong intermolecular interaction which can lead to the formation of molecular aggregates even in the initial oligomer system before the beginning of the reaction. A typical example of such a system is that in which the reaction of polyurethane formation proceeds. Secondly, an incompatibility of components in the course of the reaction. This case is also typical of polyurethane systems. Thirdly, the difference in the reaction ability of functional groups which take part in three-dimensional polymerization and polycondensation 18 . In this way we can conclude that the principal cause of the microheterogeneity is the different Ievel of intermolecular interaction between different blocks forming the polymer, if it is formed from oligomers or during the reaction.
Structural transformations in the system. especially the liquid-solid transition. influence essentially, we believe, the mechanism of polymer network formation. These transformations Iead to a deviation from the theoretical predictions recently advanced.
The mechanism of gel formation is a key to the understanding of the mechanism of network polymer formation as well as the mechanism of the formation of supermolecular structures. Unfortunately, there are only a few papers on gel formation in the process of three-dimensional polymerization 1 7 -1 9 • In the present article we shall discuss the mechanism of polymer network formation for two antipodal systems-polyurethanes which can be formed by the polycondensation (or polyaddition) reaction, and living network polyester acrylates obtained by anionic polymerization 20 -22 . The choice of these two systems was determined by the following factors. In both cases oligomer molecules take part in network formation. For polyurethane systems we used the oligoesterdiols or macrodiisocyanates 23 . There are strong intermolecular interactions in the polyurethane systems which continuously change in the course of the process. Investigating these particular systems, we aimed at clearing up the role of the intermolecular interactions in microheterogeneity arising during network formation. Oligoester acrylates were chosen to exemplify a system where between polymer chains strong forces of intermolecular repulsion are operative and the network is formed by branched chains with similar negative charges.
Wehave studied polyurethane formation from the initialstage to the end of hardening of the system beyond the gel point In the course of the reaction we measured the viscosity changes, molecular weights and their distribution. heat capacities and some structural characteristics of the reaction products.
For the initialstage of the reaction (conversion 45-50 per cent), i.e. before a sharp increase in viscosity, it was found that network formation can be described as a reaction of the second order 23 . For this reaction we took macrodiisocyanates (MDI) synthesized from 4, 4'-diphenylmethane-diisocyanate and oligoesterdiols of a different molecular weight and chemical nature-polyoxypropyleneglycol (PPG) and polytetramethyleneglycol (PTMG). We used trimethylolpropane as a trifunctional crosslinking agent. Experimental data are presented in Table 1 , which shows that the reaction rate constant increases somewhat while the diol molecular weight in MDI decreases. This fact may be explained by the change in the specific solvation of reacting groups in polar reaction media 24 • 25 . This statement has been proved for the systems under investigation. The activation energy at the initial stages for all macrodiisocyanates is practically the same and is in good agreement with the activation energy of the spontaneaus reaction of urethane formation in polar solvents 24 • 25 . The calculation of the specific rate wsp (or rate constant) for different conversion degrees (cx) has shown that the reaction ofpolyurethane network formation obeys the usual kinetic laws (Figure 1 ; cf. reference 26). We have pointed out that in order to understand the mechanism of network formation it is important to have information about the structural changes in the system in the course of chemical reaction. For this purpose we have studied changes in the intrinsic viscosity of the reaction products. the molecular weights and their distribution characterized by the parameter Mz/Mw, and the mean-square inertia radius of the macromolecule, R 2 , in the course of reaction 27 • 28 . Some typical results are given in Table 2 and Figure 2 (a). It can be seen that the sharp increase in intrinsic viscosity takes place at a conversion degree of 50-55 per cent. The molecular weights were determined by the method of progressive diffusion 29 and the chain dimensions wet::e calculated according to Tsvetkov and Klenin 30 . Mz and Mw were determined by the sedimentation method.
We can see from the experimental data that the molecular weights and polydispersity of the systems change very slightly up to 55 per cent conversion. This is in good agreement with the values of intrinsic viscosity. Beyond 55 per cent conversion a sharp increase in molecular weights ( (1) and M, (2) , the ratio M,/Mw (3) , intrinsic viscosity (17) (4) and ratio 1fZ/M (5) for the reaction products MDI (PPG-2000) and trimethylolpropane at 70' C (a) and 125oC (b) on the degree of conversion Figure 2a ), Mz. Mw and their ratio. is observed. The increase in Mz/Mw may be considered as a sharp broadening of the molecular weight distribution ofthe reaction products. In the regionoftbis degree of conversion an intensive process of chain branching sets in. One can see this from the decrease in IfZ/M with increase in molecular weight. In addition, b in the equation D = KMb for reaction products obtained at this stage is 0.38. this value being characteristic of highly branched polyfunctional chains 29 . The macromolecular growth in the region of 60-86 per cent conversion proceeds with a similarity of macromolecular form being observed. as we can see from a slight increase in [ '7] in the conversion region near the gel point and from the decrease in 1fZ/M (Table 2; Figure 2a ). The broadening of the molecular weight distribution near the gel point is probably connected with the non-proportional growth of branched macromolecules due to the high viscosity of the system.
Thus we can conclude that in systems with strong intermolecular interactions, in which some molecular aggregates may be present, the reaction rate is described by ordinary kinetic equations. The molecular aggregates arenot yet the stable elements of rearrangement and have no interface.
The investigation of the sol fraction beyond the gel point showed that the polydispersity of soluble reaction products diminishes (Figure 2a ). Thus we may suppose that in gel formation large branched molecules take part first. However, beyond the gel point, Mw of the sol fraction increases in the course of the reaction, whereas ['7] and IfZ;M remain constant in the wide range of degree of conversion. This can be related with such a growth of macromolecules when the particles preserve their shape. If we take into account that at 85 per cent conversion (beyond the gel point. calculated according to Flory) the weight fraction of sol is "'58 per cent and the molecular weight of sol increases, it becomes evident that a continuous network is formed only at the last stages of conversion.
If, as we believe, intermolecular interactions play such an important role · in the formation of network polymers, it should be very useful to study the influence of the temperature and route of reaction (in one or two stages) on that stage of reaction which precedes gel formation.
From a comparison of the data given in Figure 2 (a) and Figure 2 The polydispersity of the sol fraction at l25°C remains practically invariable, whereas Mz, Mw and [17] decrease in the course of gel formation. This can be explained by more complex molecules being involved in gel formation from the sol fraction.
The observed differences in the process of network formation which proceeds at different temperatures may be explained by a diminishing in the intermolecular interaction in the system at 125oC. This Ieads to the predominant growth of linear chains in distinct regions associated with degrees of conversion.
The changes in the intermolecular interaction are confirmed by the i.r. spectra of MOl The increase in temperature up to 125oC Ieads to a decrease in the intensity of the absorption band at 3340 cm-1 . This is the band connected with the NH-groups participating in the H-bond formation. At the same time a band at 3486 cm -I arises in the spectra, which can be attributed to the free NH-groups 31 • 32 . Thus the increase in temperature Ieads to the same change in the mechanism of polyurethane network formation.
Up to now we have discussed only the mechanism of the reaction which proceeds in two stages. It was also necessary to study this process under conditions in which all components (diisocyanate, diol and triol) are mixed together at the same time. In principle, the character of the kinetic curves here does not differ from those for a one-stage process 23 . To understand the mechanism of network formation it is important to study the reaction beyond the gel point 33 . We studied the kinetics ofnetwork formation by the calorimetric method. The thermogram of the process can be divided into two parts: first, to the gel point (according to Flory), i.e. to -70 per cent conversion, and, second, beyond the gel point. The last part can be considered as an independent curve, taking into account that at the gel point the gel is absent 34 . In this case the heat effect is equivalent to the The dependence log {-log (1 -ot)} on time for polyurethane network formation beyond the gel point at 70CC and 90"C fraction of the substance transformed into gel. Some of our results are presented in Figure 3 in the coordinates of the A vrami equation for phase transition 35 . It is seen that the process beyond the gel point can be described by this equation. The one-stage process also can be described in the same manner. The parameters of the equation, K and n, were calculated for the systems under investigation ( Table 3) . It is seen from Table 3 that the gelation Figure 4 shows the change in the heat capacity of the system based on PPG-2000 in the course of glass-liquid transition. These and other results show the dependence of the glass transition temperature, ~. and interval (the difference between temperatures at the outset and the end of the transition) on the degree of conversion ( Figure 5 ). Here ~ was determined as a temperature at which the value of the leap in the heat capacity reaches one-half of the full value.
It is seen from Figure 5 that the glass transition temperature and interval do not change up to 40 per cent conversion and after this the values sharply change in the interval from 40 to 70 per cent. We can see that all curves which were determined have a break at a definite degree of conversion, being constant before and beyond this conversion region. The latest sharp break takes place at 85-98 per cent. The broadening of the glass transition interval ( Figure 5 ) may be connected with the irregularity of the free volume distribution 38 • 39 due to increase of local ordering in the polymer system 38 . Indeed, in our case microgel particles can appear as a result of the chemical crosslinking in microregions, surrounded by macromolecules of a smaller degree of complexity.
The relaxation processes in microregions would have different rates. It is possible that this is the reason for some breaks in the heat capacity curves. This view is favoured by the results obtained for the system with low conversion (10 per cent) in presence of the filler (Figure 4b, curve 3) . The aerosil particle can adsorb MDI molecules on its surface and even interact with them chemically. Such particles may be considered as analogous to the microgel particles. Then the relaxation properties in this system also must be analogous to those of the unfilled system which contains microgel particles (in our case it is the system at 55 per cent conversion). We have in fact observed 36 this analogy (Figure 4b ). Therefore it can be concluded that in the region of 40-70 per cent conversion microgel particles are formed which are the centres of network formation; at the same time microdividing into two phases proceeds.
The stability ofthe glass transition parameters at 75-85 per cent conversion shows that in this region the system does not undergo any essential structure changes. The upward shift of I;; at a conversion above 85 per cent is probably connected with a large decrease in the molecular mobility of the chains due to monolithic network formation. These suppositions, although logica~ have still to be proved. Forthis purpose we have studied formation by the method of turbidity spectra, whicn allows us to observe the appearance of the microgel particles, if any, their size and concentration as weil as their behaviour in the course of network formation.
One-and two-stage reactions were investigated 37 • Some results for twostage synthesis are given in Figure 6 . It is seen that at 70 per cent conversion particles of colloid size (r w = 680 A) are formed in the system. Investigation 3 7 Ieads us to conclude that these particles are formed by crosslinked macromolecules and are not aggregates of the latter. Beginning from the moment of their appearance, the number of particles in the system increases, whereas their size does not change. After reaching a definite concentration, there is a sharp increase in the size of the particles and a decrease in their number. Thus we may suppose that the increase in the size ofthe particles is connected with direct interaction between them or with their bonding by molecules of great complexity. The increase in the number and size of the particles is more pronounced in the system based on PPG-1000 than in that based on PPG-2000 (Figure 6 ).
The one-stage reaction may be characterized by the same curves but the network microparticles arise there at the earlier stages of the reaction (55 per cent conversion). Beyond this conversion there is a region where the size and number of the particles do not change, and their concentration sharply increases. At 72. lt can be seen that, in contrast to theoretical suppositions. the gelation process is shifted to the region of lower degrees of conversion in the one-stage process in comparison with the two-stage one. In both methods of synthesis some deviations are found from the position of the gel point calculated theoretically. These deviations cannot be explained only by the differences between the conditions of microsegregation for the different methods of synthesis. Indeed, in the polyurethane systems there exist strong intermolecular interactions 40 which may lead under definite conditions to the microdividing of the system into two phases. For the one-stage process, when the conversion degree is not high (40 per cent), not only polyurethane molecules but also molecules of unreacted diisocyanate, esterglycol and triol are present in the system, which is thus more inhomogeneaus than for the two-stage reaction. Because of this the microdividing in such a system begins at lower degrees of conversion. The addition of triol and diisocyanate molecules to the molecular aggregates leads to the formation of microgel particles (network microparticles) (Figure 7) . Diisocyanate and triol being exhausted, the formation of new microparticles becomes less probable as the molecular complexity at this stage is not high. Further in the course of the reaction the molecular weight of the sol fraction increases (increase in [ '1]; Figure 7) and at 70 per cent conversion the molecular complexity becomes high. This can Iead to the formation of new particles, and thus (taking account of particles already formed) their concentration very quickly reaches the critical value at a particular degree of conversion, which is lower than that for the two-stage process.
All the results discussed above allow us to conclude that independently of the method of synthesis two periods of gel formation can be distinguished: (1) the formation of network particles ofthe colloid size in coexistence with the sol fraction and (2) the formation of a monolithic network (structural gelation) due to the bonding of the particles at their critical concentration. Thus we have an interval, not a point, of gelation for systems where strong intermolecular interactions are operative and influence essentially the mechanism of network formation. In such systems the reaction probably proceeds in three different regions with different rate constants in microgel particles, on their surface and in the space between the microgel particles.
The experimental data concerning the structure 41 and relaxation behaviour42·43 of network polyurethanes are in good agreement with the mechanism of network formation given here 23 . The amorphaus network polyurethanes have a globular structure 41 and their relaxation properties are dependent on the globule size 43 , which is connected in its turn with the molecular weight of the oligomer molecule.
Now we shall consider a system where the formation of network structure proceeds in the course of the anionic polymerization of oligoesteracrylates in tetrahydrofurane in presence of sodium naphthalenate. In this case the network is formed from large branched chain fragments possessing from one to three charges per oligomer block. The main features of the anionic polymerization were formulated by us earlier for cx,co-methacryl-bis-triethyleneglycolphthalate :
One of the distinguishing features in the initiation of the anionic polymerization of oligoesteracrylates is the existence of the so-called 'Iimit' concentrations of the catalyst below which the polymerization cannot practically take place 44 . In the initiation, equilibrium in the electron distribution between the functional groups with different electron affinities 20 is quickly established. The existence of the 'Iimit' concentration of the catalyst is due to the fact that the· phthalate groups possess a higlier electron affinity than the methylmethacrylate groups and the equilibrium here is shifted to the charged phthalate groups. Only at a definite catalyst concentration do we obtain such a concentration of electron-possessing methylmethacrylate groups as that at which the initiation of the polymerization proceeds. In the course of chain and network formation a free oligomer-soluble polymer-network polymer equilibrium is usually established 21 • 44 . In these conditions living network polymers are formed 22 . It is weil known that the formation ofa soluble branched polymer precedes gelation. Therefore we think it desirable to discuss some laws which govern the formation of the soluble polymer and trace the connection between the
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.fk: soluble and the network polymer. In our work we have established that the soluble polymer yield increases with the catalyst concentration, whereas the network polymer yield passes through a maximum at a catalyst concentration -0·1 moljl at 25°C (cf. ref. 22) . Figure 8 shows the dependence ofthe yield of soluble (curve 1) and network (curve 2) polymer and the molecular weight of soluble polymer (curve 3) on the catalyst concentration. Here the total yield is accepted tobe 100 per cent. It is seen that at a catalyst concentration of0.1 moljl the yield ofthe network polymer has its maximum and the soluble polymer yield has its minimum. The molecular weight of soluble polymer also passes ·through a maximum (10 6 ) at -0·07 mol/1. This molecular weight cannot be higher and characterizes the size of that chain fragment which takes part in network formation. For the polymer with a molecular weight of 0.35 x 10 5 the constant a in the Mark-Houwink equation is 0.39, which is typical of a branched polymer.
Thus we can conclude that the network polymer formed by the anionic mechanism from oligoester acrylates consists of branched rigid fragments. The greater the molecular weight of the polymer the higher the degree of branching. The rigidity of chains bearing the negative charges may be seen from the values of the relative viscosity of the same solutions of the living and dead polymers which are given in Table 4 .
Thus in this case network formation proceeds without the stage of microgel. In the equilibrium state the system in which the reaction proceeds may be characterized by the equilibrium contents of living soluble polymer and network polymer and free oligomer. Here the molecular weight distribution in the living soluble polymer was found to be narrow. Therefore the network is formed by fragments of the same size. It was very interesting to find out in which way the mechanism of network formation influences the structure of the amorphous network polymer. From the two electron micrographs in Figure 9 it is seen that 'radical' and 'anionic' network polymers obtained from the same oligomer (cx,ro-methacryl-bis-triethyleneglycolphthalate) have different structures. The supermolecular structure formation in the 'radical' network polymer was described by Berlin 45 (Figure 9a) . We should therefore like to discuss only the structure formation for living network polymers. When a living network polymer is formed, the microgel step is absent. The equilibrium living network polymer present in the reaction system may be described as a loose swollen gel. After deactivation and vacuum drying, the polymer unsaturation remains low, being slightly dependent on catalyst concentration. The value of Mc (molecular weight between crosslinks) also changes only very little. Thus we can conclude that after the charge has disappeared, the usual intermolecular bonds between chains are recovered; at the same time a further process of crosslinking goes on with relaxation, and supermolecular structures are formed. As a result of these different processes the network structure is as presented in Figure 9 (b). It is possible that this type of structure consists of high-density domains, as has been supposed 46 for linear amorphous polymers. These structures have a higher Ievel of organization than the globular ones and the propertie.s ofthe polymer will be different from those ofthe globular polymer of the same chemical nature 4 7 • Thus a specific feature in network formation from oligomer molecules by any mechanism is the strong intermolecular interaction between the molecules, which influences the chain conformation and supermolecular structure.
In conclusion it is worth noting one ofthe most interesting features of the anionic polymerization of oligomers, viz. the equilibrium between living network and soluble polymer and free oligomer in the system under consideration. At each equilibrium reaction stage both the polymerization and depolymerization proceed at the same time. It is weil known that we can reach the equilibrium from two directions: by direct reaction (polymerization) and by the reverse reaction of depolymerization. Therefore a question arises Thus we have established the possibility of activation of the inactive polymer independently of the mechanism of its formation. The only condition for the activation is the ability of the monomer or oligomer to form living polymers by the anionic mechanism.
